Introduction
============

Since the earliest studies, soil has been described as an infinite source of microorganisms with beneficial activities that promote plant health ([@B83]). Inside the soil, the rhizosphere environment is considered the soil-plant root interphase where potentially beneficial rhizobacteria are established. The plant-beneficial microbial life can be actively recruited by the plant rhizosphere ([@B4]) and can finally result in the biological control of the disease ([@B2]). These biocontrol rhizobacteria can use a wide range of mechanisms involved in the suppression of plant pathogens. A diverse range of bacterial genera, such as *Bacillus*, *Pseudomonas*, *Serratia*, *Stenotrophomonas*, and *Streptomyces*, has been commonly described asx beneficial rhizobacteria ([@B5]). Among them, representatives of the *Pseudomonas* genus have been commonly associated with the rhizosphere and soil habitats ([@B49]). This bacterial genus has also been widely studied due to its ability to produce antifungal compounds, compete for niche and/or nutrients on the rhizosphere, and elicit induced systemic resistance in plants ([@B35]). Currently, many strains belonging to the group of fluorescent *Pseudomonas* are known to enhance plant growth promotion and reduce the severity of various diseases ([@B30]; [@B54]; [@B84]).

The *Pseudomonas fluorescens* complex is one of the most diverse bacterial groups within the *Pseudomonas* genus and comprises more than fifty validly named species and many unclassified isolates ([@B31]). Many strains of this complex have been isolated from plant-related environments, and several species can be considered beneficial since many are described as plant growth-promoting rhizobacteria and/or minimize the effects of phytopathogens (PGPR; [@B45]; [@B72]). The beneficial effects displayed by some bacteria result from the expression of multiple activities that act directly and indirectly inhibiting pathogen activities and promoting plant health ([@B53]). To date, a number of studies have characterized the environmental factors that affect the abundance of different pseudomonad populations below ground ([@B6]; [@B64]; [@B52]; [@B7]). *Pseudomonas* species most commonly reported to include plant beneficial rhizospheric strains are *Pseudomonas aureofaciens*, *Pseudomonas brassicacearum*, *Pseudomonas chlororaphis*, *P. fluorescens*, *Pseudomonas Protegens*, and *Pseudomonas putida*.

Beneficial Traits of Rhizospheric *Pseudomonas chlororaphis* Strains
====================================================================

Among the beneficial *Pseudomonas* spp., *P. chlororaphis* has evolved to be a common inhabitant of the root environment of many plants. Moreover, it has been extensively reported the role of specific traits that render this bacterium able to be used as an inoculant for biofertilization, phytostimulation, and biocontrol purposes ([@B10]).

Subspecies of *Pseudomonas chlororaphis*
----------------------------------------

*Pseudomonas chlororaphis*, *P. aureofaciens*, and *Pseudomonas aurantiaca* were initially included in the Approved List of Bacterial Names ([@B77]) and considered separate species in the first edition of *Bergey's Manual of Systematic Bacteriology* by [@B65]. However, the results obtained by [@B66] of fatty acid analysis, phenotypic characterization, 16S rRNA gene sequencing, and DNA-DNA relatedness together with the results obtained by [@B40] on the phylogenetic analysis of several housekeeping genes, support the reclassification of *P. aurantiaca* as a later heterotypic synonym of *P. chlororaphis*. The results published by [@B66] also reveal that strains of *P. aurantiaca*, *P. aureofaciens*, and *P. chlororaphis* form three clearly distinguishable groups within *P. chlororaphis* that merit the status of subspecies. Therefore, the current classification is *P. chlororaphis* subsp. *chlororaphis* subsp. nov., *P. chlororaphis* subsp. *aureofaciens* subsp nov., comb. nov. and *P. chlororaphis* subsp. *aurantiaca* subsp. nov., comb. nov. ([@B66]). Three years later, [@B12] added a new subspecies to *P. chlororaphis* and placed it on a distinct branch within this species with the name *P. chlororaphis* subsp. *piscium* subsp. nov. The current reports of sequenced bacterial genomes of *P. chlororaphis* strains ([@B16]; [@B24]; [@B78]; [@B56]; [@B9]) will help to refine the current classification of the *P. chlororaphis* group.

Main Traits Involved in Biocontrol by *P. chlororaphis*
-------------------------------------------------------

These aerobic, Gram-negative bacteria are associated with soil and plant roots ([@B34]; [@B16]; [@B81]). Typically, this species possesses plant-colonizing and antagonistic activities against soil-borne plant pathogens. Products from secondary metabolism usually mediate antagonism, and can be regulated by the GacS-GacA two component regulatory system. GacS-GacA system governs a complex signal transduction pathway, involving regulatory RNAs and translational repression ([@B85]; [@B43]). Simultaneously, Quorum Sensing (QS) is a regulatory systems which is involved in the general biology performance of *P. chlororaphis*, including biofilm formation, antifungal production or exoenzyme secretion. QS is a mechanism of intercellular signaling that makes the bacterial population to act co-ordinately, based in the secretion of diffusible signal molecules (mainly acyl homoserine lactones, or AHL; [@B79]). The use of OMICs and functional studies have revealed a more complex scenario, where the presence of several QS systems can coexist inside the same bacterial cell ([@B57]), but also the participation of secondary metabolites (such as the antifungals phenazines and/or the resorcinol-related compounds) in final QS regulation ([@B76]; [@B11]).

Recent reports using OMICs techniques, have allowed a more comprehensive understanding of the potential weaponry that *P. chlororaphis* group could uses to interact with the root plant. For example, presence of different antimicrobial and insecticidal compounds, cyclic peptides, siderophores, bacteriocins, molecules involved in beneficial plant-bacteria interactions, secretions systems, antibacterial proteins, etc., ([@B47]; [@B20]; [@B9]). Below, the most relevant are summarized ([Table 1](#T1){ref-type="table"}).

###### 

Summary of main compounds produced by *Pseudomonas chlororaphis* subspecies with beneficial effects in plant pathogen control.

  Compound                                Target/beneficial effect                                                                                                 Subspecies^1^    Reference strain   References
  --------------------------------------- ------------------------------------------------------------------------------------------------------------------------ ---------------- ------------------ ------------
  **Antibiotics**                                                                                                                                                                                      
  Phenazine 1-carboxamide                 Antifungal redox-active antibiotic                                                                                       Pa, Pe, Pc, Pp   PCL1391            [@B39]
  Phenazine 1-carboxylic acid             Antifungal redox-active antibiotic                                                                                       Pc, Pp           PCL1391            [@B22]
  2-hydroxy phenazine 1-carboxylic acid   Fungistatic and bacteriostatic                                                                                           Pa, Pe, Pc       GP72               [@B46]
  Pyrrolnitrin                            Antifungal compound                                                                                                      Pa, Pe, Pc,      PA23               [@B59]
  2-hexyl, 5-propylresorcinol             Antifungal compound and signal molecule                                                                                  Pa, Pe, Pc       PCL1606            [@B18]
  2,4 Diacetylphloroglucinol              Membrane damage, distribution of mitochondria electron transport chain and inhibition of V-ATPase activity. Antifungal   Pc               UFB2               [@B24]
  Rhizoxin                                Antifungal                                                                                                               Pc               MA 342             [@B48]
  **Insecticidal compounds**                                                                                                                                                                           
  Cyclic peptides                         Insecticidal, surfactant and antagonistic activity                                                                       Pc               PCL1391            [@B29]
  Fit toxin                               Insecticidal activity                                                                                                    Pc, Pe, Pp       PCL1606            [@B28]
  **Siderophores**                                                                                                                                                                                     
  Pyoverdine                              Fe chelation and competition                                                                                             Pa, Pe, Pc       D-TR133            [@B3]
  Achromobactine                          Fe chelation and competition                                                                                             Pa, Pe, Pc       PCL1606            [@B16]
  Hemophore                               Fe chelation                                                                                                             Pp               PCL1607            [@B9]
  **Enzymes and hormones**                                                                                                                                                                             
  Chitinase                               Chitin hydrolysis enzyme and antifungal                                                                                  Pc, Pe, Pp       PCL1391            [@B28]
  Protease                                Protein hydrolysis enzyme and antifungal                                                                                 Pa               M71                [@B73]
  Phosphatase                             Phosphorus solubilization enzyme                                                                                         Pc               SZY6               [@B1]
  ACC deaminase                           Plant growth promotion                                                                                                   Pa, Pe, Pc, Pp   6G5                [@B32]
  PQQ                                     Plant growth promotion                                                                                                   Pa, Pe, Pc       B23                [@B61]
  IAA                                     Plant growth promotion                                                                                                   Pa, Pe, Pc       O6                 [@B45]
  **Volatile**                                                                                                                                                                                         
  2,3 butanediol                          Elicite plant resistance                                                                                                 Pa, Pe, Pc       O6                 [@B37]
  Hydrogen cyanide                        Metalloenzymes inhibitor and antifungal                                                                                  Pa, Pc, Pe, Pp   PA23               [@B59]
  **Hormones**                                                                                                                                                                                         
  Indol acetic acid                       Plant growth promotion                                                                                                   Pa, Pc, Pe, Pp   O6                 [@B45]
                                                                                                                                                                                                       

Reference strains published are included.
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Phenazines are among the most copious secondary metabolites produced by fluorescent pseudomonads, and phenazine-producing microorganisms represent a ubiquitous group of antibiotic-producing bacteria in the environment ([@B21]; [@B51]). Phenazine compounds are redox-active nitrogen-containing heterocyclic molecules and its beneficial role on plant biology is not limited to antibiosis against phytopathogenic microbes ([@B67]; [@B8]; [@B9]). Additional effects have been shown for this compound such as triggering induced systemic resistance in plants, reducing the expression of key pathogenicity-related genes of the phytopathogen, or its involvement in the root persistence ([@B8]). In relation to the bacterial interaction with the plant root, phenazines can be crucial for biofilm formation ([@B76]). An extensive colonization of the rhizosphere is a prerequisite in efficient disease suppression by preventing pathogen form access to the root ([@B50]). The involvement of phenazines on root colonization has been strengthened because some phenazine compounds could be terminal signaling factors in the QS network of some bacteria, and are directly involved in biofilm formation on biotic surfaces ([@B25]; [@B75]).

Pyrrolnitrin and the volatile compound hydrogen cyanide, are also among the additional antifungal compounds typically produced by *P. chlororaphis* strains. Pyrrolnitrin is considered a key compound for fungal biocontrol ([@B41]) and is becoming even more relevant than phenazines extending its action to eukaryotic organisms ([@B59]; [@B42]). The same observation can be applied to the volatile compound hydrogen cyanide, which also has a broad spectrum of prokaryotic and eukaryotic targets ([@B60]; [@B44]). The biological importance of this broad spectrum of both active compounds would be related to its typical environmental persistence, for example, allowing them to escape from predation ([@B60]). Related to the insecticidal activity of this bacterial species, the most studied virulence factor against insects is the Fit toxin, which is similar to Mcf1 of the entomopathogenic bacterium *Photorhabdus luminescens* ([@B74]). Fit mutants of *P. chlororaphis* PCL1391 further showed reduced virulence, and the residual toxicity could be assigned to the wide range of other antimicrobial compounds produced by *P. chlororaphis* (previously listed) or cyclic lipopetides ([@B29]).

About Clps, these compounds can be involved in many biological functions, such as motility, biofilm formation, protection against predators and antagonism ([@B23]; [@B71]). Clps produced by plants-beneficial bacteria were found to induce plant resistance and to contribute to plant protection against root pathogenic fungi ([@B63]). But interestingly, Clps were demonstrated to be further insect pathogenicity factor in *P. chlororaphis* strains ([@B28], [@B29]).

The production of exoenzymes has also been described to have a role in biocontrol activity ([@B38]). Enzymes such as chitinases, lipases or proteases have a broad distribution among the soil bacterial community and are probably related to general metabolism, but also inhibit the pathogen (degrading some cell structures) and stimulate plant growth by providing additional resources from the degradative activity ([@B81]). Remarkably, *P. chlororaphis* strains can produce 1-aminocyclopropane-1-carboxylate (ACC) deaminase ([@B58]), which is an enzyme produced by plant-associated bacteria that decrease the ethylene levels and protect the plant from its effect, which results in a general beneficial activity ([@B32]). In addition, the production of the biofertilizer hormone indole-3-acetic acid (IAA) has also been reported for *P. chlororaphis* strains ([@B26]), and its production is important in microbe-microbe and microbe-plant signaling, and can also results in an promotion of plant growth ([@B45]).

Other compounds can also have an important role for *P. chlororaphis*, such as the production of siderophores, which can be considered as a general beneficial activity, at least, for all the soil-related *Pseudomonas* spp. ([@B86]). These molecules are secondary metabolites involved in iron quelation. The most known is pyoverdine, a water-soluble fluorescent pigment produced by fluorescent *Pseudomonas* species ([@B3]). However, the recent comparative genomic studies of *P. chlororaphis* genomes, revealed the putative presence of various secondary siderophores, such as achromobactine and hemophore ([@B9]).

The Beneficial Rhizobacterium *Pseudomonas chlororaphis* PCL1606 (PcPCL1606) as a Model
=======================================================================================

In order to find potential bacterial biocontrol agents against the avocado white root rot caused by *Rosellinia necatrix*, a collection of bacterial isolates belonging to the genera *Bacillus* and *Pseudomonas* were isolated from avocado rhizosphere ([@B18], [@B19]; [@B68]). Interestingly, a number of *P. chlororaphis* were consistently isolated from avocado roots ([@B18]). The management of this crop could enhance this presence on avocado roots of *P. chlororaphis* isolates, since it has been reported that application of organic amendments can enhance the presence of specific groups of beneficial microbes, including antagonistic *P. chlororaphis* ([@B80]).

PcPCL1606 as a Biological Control Agent
---------------------------------------

Nearly all the *P. chlororaphis* isolated from avocado roots were antagonistic and produced a broad range of antimicrobials including phenazines. Among them, the strain PcPCL1606 do not produce phenazines; otherwise produce proteases, lipases and the antifungal metabolite 2-hexyl 5-propylresorcinol (HPR; [Figure 1](#F1){ref-type="fig"}). Another unusual characteristic of this strain is the absence of plant growth promotion in the assayed plant models; however, siderophore production and phosphorous solubilization were detected (among other PGPR-related traits; [@B81]). This strain displayed strong antagonism to many phytopathogenic fungi and showed biocontrol of crown and root rot of tomato, caused by *Fusarium oxysporum* f. sp. *radicis-lycopersici* and avocado white root, caused by *R. necatrix* ([@B18]; [@B33]). Effectiveness of biocontrol was directly related to the compound HPR ([@B18]; [@B15]). HPR production was led by three biosynthetic genes located in a cluster (*dar*A, *dar*B, and *dar*C) followed by two independent regulatory genes (*dar*S and *dar*R; [@B62]; [@B15]). Further experiments revealed that HPR production was also under transcriptional regulation of the GacS-GacA two-component regulatory system, as previously described for other antifungal antibiotics ([@B36]), and also modulated by different growth parameters such as temperature, pH and the presence of salts in the medium ([@B13]).

![Current knowledge of the strategies displayed during the multitrophic interactions with plants and fungal pathogens by the model rhizobacterial biocontrol strain PcPCL1606. The main strategies involved in the interaction (yellow circles) included cell-to-cell interaction, beneficial interaction with plants, exclusion, antibiotic production and signal interference. The different strategies can enhance a second one (double-ended blue arrows).](fmicb-10-00719-g001){#F1}

Main Features of PcPCL1606 Involved in Pathogen and Plant Interaction
---------------------------------------------------------------------

PcPCL1606 showed strong antifungal activity ([Figure 1](#F1){ref-type="fig"}), and HPR production was the main determinant in the antagonistic and biocontrol phenotypes ([@B15]). In addition to HPR, other antifungals can be produced by PcPCL1606, such as pyrrolnitrin (PRN) or hydrogen cyanide (HCN), as well as several exoenzymes such as proteases, chitinases or phosphatases ([@B81]). Nevertheless, HPR is more than a powerful compound against pathogenic fungi in the soil and could have additional roles. It has been reported that some alkylresorcinols (to which the compound HPR belongs) can behave as quorum sensing-like signal molecules in the genus *Photorhabdus* ([@B11]), and for this, could have a similar role in HPR-producing *P. chlororaphis* strains. Thus, additional HPR-dependent traits, which are different from antagonism, could have an essential role in the beneficial effects of PcPCL1606 on the plant, such as the root colonization or the biofilm formation ([@B14], [@B17]).

Related to the possibility to physically exclude the pathogen from the plant root habitat ([Figure 1](#F1){ref-type="fig"}), biological processes, such as biofilm formation or chemotaxis, are crucial for the PcPCL1606. PcPCL1606 is strongly attracted to the avocado root exudates by chemotactic processes ([@B69]). As a result of this attraction, PcPCL1606 efficiently colonizes avocado roots ([@B34]) and can be found forming a biofilm on avocado root surfaces, located in the same area where *R. necatrix* can be found during the early stages of infection ([@B14]). Moreover, two bacteriocins (R-tailocins 1 and 2), recently described in PcPCL1606 would contribute to better competition against other rhizosphere-associated bacteria ([@B27]). However, PcPCL1606 bacterial cells also displayed a direct chemotaxis to fungal exudates and finally showed a direct contact with the fungal hyphae of *R. necatrix*. This cell-to-cell contact causes an increase in stress symptoms on the hyphae, among others, by the direct release of antifungal substances, which lead to an accelerated ageing process in the hyphae and hyphal death ([@B14]; [@B55]). Moreover, the root colonization ability and biofilm formation of the wild-type strain was also related to HPR production, and the absence of HPR resulted in reduced root colonization levels and no biofilm formation by PcPCL1606 ([@B14], [@B17]).

To obtain insight into the features of PcPCL1606, its complete genome sequencing was completed. Phylogenetic studies clustered this strain into the *P. chlororaphis* clade which is placed into the fluorescent *Pseudomonas* complex, however, as previously mentioned, PcPCL1606 it is not a typical *P. chlororaphis* strain ([@B9]). Thus, phylogenetic analysis revealed clear differences with the genomes of other biocontrol *P. chlororaphis*, such as PcPCL1601 or PcPCL1607, also isolated from avocado root ([@B16]; [@B82]; [@B9]). Analysis of PcPCL1606 genome confirmed a lack of phenazine biosynthetic genes, cyclic lipopeptides that are related to the surfactant and insecticidal properties, which are typical for *P. chlororaphis*x ([@B70]). However, PcPCL1606 exhibits a complete Fit toxin (*fit*) cluster ([@B16]).

Futures Projects and Research
=============================

The future of *P. chlororaphis* as biocontrol agent is very promising. *P. chlororaphis* is ubiquitous in the environment, lacks known toxic or allergenic properties, and has a history of safe use in agriculture and in food and feed crops. *P. chlororaphis* is considered non-pathogenic to humans, wildlife or the environment according to the United States Environmental Protection Agency (EPA), and commercial products based on *P. chlororaphis* strains are already available. For example, Cedomon^®^ (*P. chlororaphis*, BioAgri AB, Sweden), Spot-Less^®^ (*P. aureofaciens* Tx-1, Turf Science Laboratories, Carlsbad, United States) or AtEze^®^ (*P. chlororaphis* 63-28, Turf Science Laboratories, Carlsbad, United States) are based on *P. chlororaphis* strains, but many other products are already present in the market based on other *Pseudomonas* spp. These facts pointed out to a promising future for the use of biocontrol agents belonging to the specie *P. chlororaphis*.

Regarding the model bacterium PcPCL1606, studies revealed that PcPCL1606, as well as other *P. chlororaphis* isolates from avocado roots, displayed high persistence and reached a population density that was enough to reduce disease ([@B33]). Under commercial greenhouse conditions, applications of PcPCL1606 cells resulted in biocontrol against *R. necatrix*. Moreover, some other *P. chlororaphis* isolates from avocado roots, that have different beneficial traits (such as phenazine production or plant growth promotion), could also provide plant protection. These finding suggest that a promising approach to improve *P. chlororaphis* based biocontrol would be to develop consortia which combine strains with complementary traits resulting in more stable or even enhanced beneficial effects on plants.
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